ABSTRACT Some of the properties of myelin forms prepared by freezing, thawing, and homogenization of ghosts of human red cells are described, among these being the "apparent molecular weight" as found by light scattering, the effect of repeated freezing and thawing on the "apparent molecular weight," the quantity of fatty acids split off at various temperatures of freezing, the effect of the anticoagulant used, and the remarkable constancy in the "apparent molecular weight" met with when myelin forms are prepared from the ghosts of the red cells of normal people. Taken together, these observations lead to the description of a "standard technique" for the preparations of myelin forms; this technique can later be extended to the myelin forms obtained from animals other than man and also to those obtained from abnormal red cells.
M E T H O D S
Preparation of Myelin Forms Ten ml of normal human blood is drawn into a pyrex tube containing an anticoagulant (EDTA or disodiumethylenediaminetetracetate). The blood is centrifuged, the plasma, white cells, and platelets are removed, and the red cells are washed 3 times with 1 per cent NaC1. For each milliliter of packed red cells is added 2 ml of water, and the mixture is frozen and thawed; this may be repeated. The freezing is carried out at a known temperature for a known time and in polypropylene tubes. The thawing is carried out at 25°C, and must be complete; this takes 2 to 3 hours. Finally, a sufficient volume of I0 per cent NaC1 is added to restore isotonicity.
The material is transferred to a 50 ml cellulose acetate tube which is almost filled with 1 per cent NaC1, and spun for 1 hour at about 30,000 G in an angle centrifuge. The supernatant fluid is removed and the sediment is washed once with 35 ml of 1 per cent NaC1 for the same time and at 30,000 G. The supernatant fluid is again removed; the yield is about 2.5 ml of sediment. This sediment is transferred to a small cup of a VirTis microhomogenizer, in which it is homogenized for 10 minutes at 23,000 RPM. Phase contrast examination of the material before homogenization shows ghosts, contracted ghosts, fragments, and myelin forms. After homogenization these are almost completely replaced by myelin forms, which are minute spherical bodies, sometimes arranged in a linear fashion, or in groups. Volumes of 20, 4 0 . . . 100 X of the final preparation (to be referred to as a homogenized myelin form preparation) are added to 50 ml of 1 per cent NaC1 in a rectangular turbidity cell, the contents of which are stirred for about 30 seconds. Measurements of turbidity are made with a Brice-Phoenix light scattering photometer at wave lengths 436 and 546 m~ and for different concentrations corresponding to the addition of 20, 40 X etc. to the 50 ml of 1 per cent NaCl, so as to determine the "apparent molecular weight" of the myelin forms.
"Apparent Molecular Weight" The essential measurements, made at two wave lengths and at several concentrations, are measurements of the scattering Ge at --90 ° and the scattering G~0 at 0°; no filters are usually necessary when Ge is measured but when Gw is measured the light beam passes through the contents of the turbidity cell and through a "working standard," and combinations of filters F1, F2, F~, and F4 must be inserted to prevent the galvanometer from going off-scale. The turbidity of a known concentration of myelin forms is then given by k'F'Ga/Gw, where F is the product of the transmittancies of the filters in the light path and where k is an instrumental constant which depends on the wave length and which is found by calibration (supplied with each Brice-Phoenix instrument). The value of Ts, the turbidity of the 1 per cent NaC1 solution, must be subtracted from T to give the excess turbidity ~'e upon which the molecular weight depends. To make re small, the 1 per cent NaC1 should be filtered through a 5 # Millipore filter; further filtration through a 0.4 ~ Millipore filter reduces re by only about 30 per cent.
Hc/~'e is now calculated for each concentration of myelin forms and at each of the two wave lengths. Here c is the concentration of the myelin forms in grams/milliliter (e.g. 4 N 10 -4 X p when the turbidity cell contains 50 ml of 1 per cent NaC1 and 20 X of myelin forms of volume concentration 0); the density of a lipoprotein is assumed to be 1.0, although it is probably somewhat greater, and the determination ofp presents considerable difficulty (see below). H varies with the wave length and is A. 10-5.n02(n --no)2/c ~, A being 15.2 for wave length 436 m# and 6.18 for wave length 546 m#. The quantity (n --no)2/c ~ is the square of the specific refractive index increment, and for lipoproteins is (0.0017)2; no ~ is the square of the refractive index of 1 per cent NaC1, or approximately 1.77.
Hc/re is plotted against c, all the experimental determinations (at least 3 values of c at each of two wave lengths) being used. A straight line is drawn through the points by the method of least squares; its intercept on the Heir, axis, where c = 0 is the reciprocal of M, the "apparent molecular weight" of the myelin forms.
The determination of p, which multiplies c, constitutes a real difficulty, but it is possible to estimate it by the following procedure. About 1 ml of the suspension of myelin forms is spun in each of 6 heavy walled capillary tubes for 3 to 4 hours at 2 X 104 G and at less than 10°C. This results in the formation of a clear Hb-stained layer, and a much larger diffuse layer beneath it which contains myelin forms. The clear layer, when examined by phase contrast, is virtually free of myelin forms. The conductivities of this upper clear layer and that of a sample of the myelin form suspension (taken before spinning) are measured with capacities in parallel, and p is calculated from Fricke's (1923) equation with X = 2. The value is usually between 0.05 and 0.1, with an experimental error of about -4-10 per cent, and is a minimum value.
Effect of Repeated Freezing and Thawing on "Apparent Molecular Weight"
In a series of experiments, the washed and packed red cells, to which 2 volumes of water were added, were frozen and thawed once, three times, and five times, each freezing being carried out at -3 0 °C. The resulting material was then centrifuged in an angle centrifuge, the sediment was washed with 1 per cent NaC1, and then homogenized. The "apparent molecular weight," the volume concentration P, and the content of fatty acids were then determined for each homogenized myelin form preparation. Typical results are shown in Table I . All these determinations (except the freezing) were carried out at 20 °C.
Addition of 2 volumes of water, no freezing, and subsequent homogenization gives partially hemoglobinized red cells, ghosts, and some tiny fragments. Freezing and thawing is therefore a necessary step in the procedure which is being described.
The results so far described can be analyzed in a comparatively simple way, From an experimental point of view the steps are (I) that He/r, becomes less as freezing and thawing is repeated, and so the "apparent molecular weight" increases, (2) that P decreases as freezing and thawing is repeated,
and (3) that the liberated esterified fatty acids increase with repeated freezing and thawing (see below). A simple explanation of these results is (a) that repeated freezing and thawing splits off esterified fatty acids from myelin forms, and so denatures lipoprotein complexes (see Dervichian, 1949) , and (b) that the denatured complexes tend to clump, and so the "apparent molecular weight" becomes greater; the volume concentration also becomes smaller, since fatty acids are lost with repeated freezing and thawing. At this point it is convenient to set up a "standard technique" for the preparation of myelin forms, because of the number of variables involved. The first of these is the nature and amount of the anticoagulant; this has been somewhat arbitrarily chosen as 0.2 ml of a 10 per cent aqueous solution of E D T A for 10 ml of normal human blood. The second is the number of freezings and thawings of the thrice washed red cells. Here we are helped by the fact that the H b content of the supernatant fluid in the heavy walled capillary tubes used in the determination of 0 is about 1.3 gm per cent after only one freezing and thawing; the myelin forms themselves are presumably considerably hemoglobinized. Five freezings and thawings are time-consuming, and the denaturation is appreciable as shown by the increase in "apparent molecular weight" and the decrease in the value of p, although the H b content of the supernatant fluid in the heavy walled capillary tubes is reduced from 1.3 to 0.45 gm per cent. Again, by an arbitrary compromise, three freezings at --30°C has been chosen as the "standard" method for preparing the preparation to be homogenized.
Fatty Acids Split Off as a Function of Temperature
Determination of Fatty Acids To determine the content of esterified fatty acids in a homogenized myelin form preparation (or in washed red cells), 1 ml of the preparation with a known volume concentration is added to I0 ml of ethanol at a variety of known temperatures from 56 ° to --70°C, and is stirred magnetically at that temperature for 1 hour. It is then filtered at the same temperature through a very porous filter paper (S. and S., 604), and a measured volume (usually 5 ml) is titrated at 500C against M/10 sodium ethyl alcoholate with 4 drops of 1 per cent phenol° phthalein in ethanol added as an indicator. The end-point is reached when the color of the indicator does not deepen. When the titration is carried out at room temperature the color fades rapidly. The sodium ethyl alcoholate is conveniently delivered dropwise from a I00 X microburette. Twice the quantity of sodium ethyl alcoholate required to give the end-point, when multiplied by 28.4 and divided by the volume concentration of the myelin forms (found by conductivity, see above) gives the fatty acid content as milligrams of stearic acid per gram wet weight of the myelin forms.
Table II (and see also Fig. 1) shows the quantity of fatty acids obtained from 1 ml of thrice washed normal h u m a n red cells extracted with 10 ml of ethanol for 1 hour at various temperatures. It can be supposed that nearly all the lipoprotein is in a small surface region of the red cell (Parpart and Ballentine, 1952) , but the volume of this small region is not known; the figures in Table II Plotting the quantity of fatty acids found against the temperature shows that the amount of extracted fatty acids decreases as the temperature falls, that at -3 0°C the quantity which ethanol extracts is 35 per cent of that extracted at 56°C, and that no smaller quantity is extracted at temperatures less than --30 °C. There is therefore no advantage in freezing to temperatures lower than --30°C, at which temperature something approaching a "standard" preparation for homogenization is obtained.
If we suppose that a dense lipoprotein molecule has a protein core with a volume of about 45 per cent (after allowing for density) and a coating of mixed lipids about 55 per cent by volume (Macheboeuf and Rebeyrotte, 1949), we can make the following calculation. If the radius of the core is rlA and that of the whole molecule r2A, r~ can reasonably be put at 50 A (Lindgren and Nichols, 1960); this gives a molecular volume of 520,000 A 8, 45 per cent of which is 240,000 A 3. The volume of one lipid molecule is about 3,000 A s, so the number of lipid molecules will be about 80 times that of the protein core. This figure agrees quite well with 70, the number
45 • I 9 6 I of lipid molecules attached to each protein molecule in the red cell ghost (analytical data, Parpart and Ballentine, 1952) , but the calculation is very rough. There seem to be at least three sorts of combination between the lipids and proteins of the ghost (Parpart and Ballentine, 1952), the calculation does not take account of intercalated water between the lipid molecules (Dervichian, 1946 (Dervichian, , 1949 , and the value of r2 is not really known for the lipoprotein of the ghost. The best that can be said for the result of the calculation is that it is not an impossible one. 
Fatty Acids Split Off as a Function of Temperature and of Different Anticoagulants
T h e e x p e r i m e n t s of section 2 were r e p e a t e d with 5 ml of w a s h e d h u m a n red cells, d e r i v e d f r o m 9 n o r m a l persons, a n d d r a w n into 10 p e r cent E D T A (0.1 ml), h e p a r i n (0.1 ml), K oxalate ( I 0 m g ) or A C D (1.15 m l : dextrose 1.47 gm, sodium citrate, 1.32 gin, a n d citric acid, 460 mg, w a t e r 100 ml) to p r e v e n t coagulation. After washing, the cells are m a d e u p to a b o u t the same v o l u m e as in blood, a n d the exact v o l u m e is d e t e r m i n e d b y a high speed h e m a t o c r i t ; 1 ml of each w a s h e d cell suspension is t h e n e x t r a c t e d with 10 ml of ethanol for 1 hour at a variety of temperatures between 56 ° and -7 0°C , the ethanol-red cell mixture is filtered at the same temperature, and the extracted fatty acids are determined as described above.
In these experiments at various temperatures and using different anticoagulants, it is necessary to take into account the experimental errors inherent in the procedure. The first of these is that 1 drop of sodium ethyl alcoholate, when dropped from a 27 needle on a microburette, corresponds to about 4-3 to 4-6 per cent of the total sodium ethyl alcoholate needed to complete the titration. The second is that the end-point of the titration is not a sharp one, and is dependent both on the temperature at which the titration is conducted and on experience. The third is that the results have to be "corrected" for the volume concentration p, found either by the hematocrit method or by conductivity; p is a measure of the red cell volume concentration, but the extractable fatty acids are more nearly a function of the red cell surface area. The error attached to any individual fatty acid determination is therefore from 4-5 to 4-10 per cent, but if the mean of the results of the 9 experiments in which any one of the anticoagulants is used is computed, the standard error of the mean rarely exceeds 4-0.05 mEq/gm of wet red cells, or at most 4-2 per cent of the total sodium ethyl alcoholate needed to complete the titration.
The results are shown in Fig. 1 . So far as the temperature dependence is concerned, the curves for the fatty acids extracted from washed cells derived from blood drawn into EDTA, heparin, K oxalate, or ACD are of essentially the same shape, with --30 °C as the point below which a variation in temperature has no effect on the relative quantity of fatty acids extracted by ethanol. The different anticoagulants have a small effect on the absolute amount of fatty acids extractable. Washed red cells derived from blood drawn into heparin yield smaller quantities of ethanol-extractable fatty acids than do washed red cells derived from blood drawn into EDTA or K oxalate, and washed red cells derived from blood drawn into ACD yield larger quantities. The former effect may be related to the "clearing" of lipoproteins produced by heparin, but we have no suggestion to make regarding the effect of ACD. It may be added, however, that the results of the experiments in this section and in section 2 are consistent.
and heparin, freezing (at --30 °C) and thawing the washed cells three times, homogenizing them, and finally finding the "apparent molecular weight" by light scattering, as already described. In the course of this procedure, O, the volume concentration of the myelin forms, has to be found; how best to do this has already been described. Determinations of the "apparent molecular weight" of myelin forms prepared by thrice freezing (at --30 °C) and thawing the same normal washed h u m a n red cells derived from blood drawn into ACD, EDTA, and heparin have shown that these different anticoagulants do not produce a significant change in the "apparent molecular weight," as determined either by light scattering or, less exactly but more simply, by direct observation of the tiny myelin forms with phase contrast.
Taking the results of nine experiments of this kind, the average "apparent molecular weight" of the h u m a n myelin form is 1.1 4-0.05 X 1011. This "apparent molecular weight" is essentially the same for the anticoagulants ACD, EDTA, and heparin.
Knowing the average molecular weight of a lipid (760), the number of lipid molecules associated with one protein molecule (70), and that the protein core is about the same volume (after correcting for density) as the lipid coating, the myelin form which has the "apparent molecular weight" of 1.1 X 1011 would consist of 1.1 X 105 lipoprotein molecules. If the myelin form were spherical, about 28 lipoprotein molecules could be arranged along the radius of the sphere. This calculation, however, may be seriously in error, for no allowance is made for intercalated water, and the supposition that the lipoproteins are spherical is almost certainly wrong (Lindgren and Nichols, 1960) . Egg yolk lecithin molecules disperse in water to form large rodshaped micelles with a molecular weight of about 20 X 106, the dimensions of the rods, which are laminated cylinders, being about 910 by 69 A (Robinson, 1960) . Only the roughest idea can be arrived at regarding the size and shape of the myelin forms derived from homogenized red cell ghosts prepared by freezing and thawing, principally because their ultrastructure and the arrangement of their component molecules (including water) is not known.
"Apparent Molecular Weight" of Myelin Forms Prepared from a Variety of Normal Red Cells
The "apparent molecular weight" of the myelin forms made by the "standard technique" (see p. 346) from washed red ceils derived from the blood of 12 normal persons is remarkably constant. The mean "apparent molecular weight g " is 1.03 M 1011, and the mean "apparent molecular weight MI" (assuming that the myelin forms are lipoproteins of molecular weight 106 and that the situation is not complicated by intercalated water) (see p. 348) is 103,000 4-109. The extreme values are 78,000 and 118,000, and the standard deviation is 4-377.
This apparent consistency may be misleading, for the reproducibility of a result must not be confused with the meaning to be attached to it. What this reproducibility which is measured by light scattering and determinations of volume concentration really means must be determined in other ways. One of these is examination of the myelin forms, which may constitute a very heterogeneous population with respect to size, with the electron microscope. The other is a measurement of their size by means of Millipore filters. The contents of this paper cannot, accordingly, be considered as more than having established a "standard technique," and as having shown the extent to which this technique is affected by the number of freezings and thawings, the temperature of freezing, the anticoagulants used, and as showing the remarkable constancy met with when the washed red cells of various normal people are treated in an identical way.
Myelin forms, obtained by freezing and thawing three or five times and then homogenized, were sent by Air France French National Airline to Dr. Marcel Bessis for examination with the electron microscope at a magnification of 60,000. If we remember that these forms, which are examined in vacuo with the electron microscope, really contain at least 50 per cent of water before drying (Dervichian, 1946) , the photographs show a number of branched, rod-shaped forms which can be reduced geometrically to three or four cylinders with an average length of 0.3/z, an average radius of 0.185 to 0.16 #, and an average volume of 0.196 #3. A sphere of the same volume would have a radius of 0.36 # instead of the value 0.3 # calculated from light scattering on the assumption that most of the myelin forms can be treated as spheres.
The electron microscope shows that the dimensions of the myelin forms are very heterogeneous; some of them form long ribbon-like structures, and others, clumps or aggregates (see p. 348). A difficulty arises here. Is the "typical myelin form" a long ribbon-like structure which forms a network with other ribbon-like structures, or is it a small branched rod; are the long forms the result of aggregation, or are the small branched rod-like bodies the result of homogenization of the long forms? There is no answer to this question in the meantime, and the same difficulty arises in connection with the myelin forms produced from ghosts by phosphotungstic acid. The term "average molecular weight" of the "typical myelin form" is ambiguous, but it is the best term one can use in the meantime.
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